Observation of long-lived polariton states in semiconductor
  microcavities across the parametric threshold by Ballarini, D. et al.
ar
X
iv
:0
80
7.
32
24
v1
  [
co
nd
-m
at.
oth
er]
  2
1 J
ul 
20
08
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The exitation spetrum around the pump-only stationary state of a polariton optial parametri
osillator (OPO) in semiondutor miroavities is investigated by time-resolved photoluminesene.
The response to a weak pulsed perturbation in the viinity of the idler mode is diretly related to the
lifetime of the elementary exitations. A dramati inrease of the lifetime is observed for a pump
intensity approahing and exeeding the OPO threshold. The observations an be explained in
terms of a ritial slowing down of the dynamis upon approahing the threshold and the following
onset of the soft Goldstone mode.
PACS numbers:
One of the most striking onsequenes of the quantum
nature of matter is Bose-Einstein ondensation, a phase
transition that does not depend on interations between
the mirosopi onstituents but is driven by their indis-
tinguishability. A quite general property of Bose-Einstein
ondensed quantum uids is superuidity, i.e. the ability
to ow through a ontainer almost without any frition.
Sine the rst disovery in 4-Helium, this eet was in-
vestigated in a variety of quantum uids, ranging from 3-
Helium to ultraold atomi gases (author?) [1℄. Inspired
by reent developments in the study of phase transitions
in non equilibrium systems (author?) [2℄, researhers are
presently working on the extension of the quantum uid
onept to many partile systems whose state is no longer
determined by a thermodynamial equilibrium ondition,
but rather by a balane between the external driving and
dissipation.
In this perspetive, exiton-polaritons in semiondu-
tor mirostrutures appear as very promising objets, as
their mixed exitoni and photoni nature allows for a
number of remarkable properties, e.g. a very light mass,
signiant interations, and the possibility of all-optial
manipulation and diagnostis (author?) [3℄. On the
other hand, the nite lifetime of polaritons requires some
pumping mehanism to ontinuously replenish the sys-
tem, whih forbids the establishment of a true thermal
equilibrium in the gas. Several groups have reported
the observation of spontaneous oherene in spatially ex-
tended systems of polaritons far from thermodynamial
equilibrium with mehanisms that an be interpreted as
non-equilibrium analogs of Bose-Einstein ondensation
(BEC) (author?) [4℄.
In spite of the dierent pumping shemes (resonant for
the OPO ase (author?) [5, 6, 7, 8℄, non-resonant for the
so-alled polariton BEC ase (author?) [9℄), a U(1) sym-
metry is spontaneously broken in all ases and oherene
is not simply inherited from the pump beam. Away from
the bistability regime (author?) [10℄, the OPO transi-
tion is smooth and shows a ritial behavior that losely
resembles the one of a seond-order like phase transi-
tion (author?) [11℄. A typial feature of seond order
phase transitions is the ritial slowing down of the deay
rate of the elementary exitations upon approahing the
transition from below. When a ontinuous symmetry is
spontaneously broken above the transition point, the life-
time of elementary exitations remains divergent in the
long wavelength limit in agreement with the Goldstone
theorem of statistial mehanis (author?) [12, 13℄.
In the present Letter, we experimentally investigate
and theoretially model the lifetime of the elementary
exitations of a quantum uid of polaritons as the pump
intensity is spanned aross the threshold in the optial
parametri osillator (OPO) onguration. The steady
state of the system is probed by injeting extra polari-
tons by means of a weak pulsed beam, and the deay
time of the response is measured as a funtion of the
pump intensity. A dramati slowing down of the dy-
namis is observed as the threshold is approahed from
below: lose to the threshold, the deay time an be-
ome orders of magnitude longer than the typial life time
of polaritons, and it remains very long even well above
the threshold. Good agreement between the experimen-
tal observations and the theoretial model based on the
generalized polariton Gross-Pitaevskii equation is found,
whih supports the present theoretial understanding of
the strongly modied dispersion of the elementary exi-
tations in presene of a strong pump beam. In partiular,
this observation suggests the possibility of investigating
the polariton dynamis beyond the limits imposed by the
intrinsi polariton life time.
The miroavity sample used in these experiments is a
GaAs/AlAs-based λ/2 avity with a top (bottom) Bragg
mirror of 15 (25) Al0.1Ga0.9As/AlAs pairs, grown on a
GaAs substrate. A 20 nm wide GaAs quantum well is
embedded at the antinode position of the avity mode.
The sample is kept at a onstant temperature of 10 K.
2The quantum well exitons are in strong oupling with
the avity mode, with a Rabi splitting of 2ΩR = 4.4meV.
All the experiments reported here are performed in the
resonane region, where the k = 0 avity-mode has the
same energy as the exiton state.
In the OPO onguration, polaritons are oherently
injeted into the miroavity by a pump beam, whih
resonantly populates a polariton mode with a dened
momentum and energy (pump state). Our pump beam
is a ontinuous-wave laser soure (Ti:Al2O3), whih ex-
ites the sample with an inident angle of 10◦ and has
a 45 µm spot diameter. Its frequeny is hosen lose
to resonane with the lower polariton branh (LPB) in
a way to injet polaritons with a given wave vetor kp
and energy ~ωp. Polariton-polariton binary ollisions are
responsible for the parametri sattering of pump po-
laritons into a pair of distint signal and idler modes.
The eieny of the parametri proesses was optimized
by tuning the pump at a frequeny ~ωP = 1.5273 eV,
slightly above the linear-regime LP dispersion (author?)
[14℄(author?) [10℄, εLPB(kP ), ~ωp− εLPB(kP ) ∼ γ(kp).
Here γ(kp) ∼ 0.4 meV is the LPB linewidth at kp, while
the laser linewidth is around 0.1 meV. An additional 2
ps-long probe pulse, oming from a dierent laser soure
with a repetition rate of 82 MHz, is inident on the sam-
ple with a tunable angle and is foused within the pump
spot with a smaller, 25 µm, spot diameter. Photolumi-
nesene (PL) is olleted and analyzed by a spetro-
graph oupled either to a streak- or a onventional CCD-
amera. The emission in the far eld is visualized by
means of a lens on the Fourier plane (kx; ky): a diretion
ky of this plane is seleted and energy-resolved by the
spetrograph, whih allows the diret observation on the
CCD amera of any two-dimensional setion (kx;E) of
the polariton dispersion. To obtain time-resolved PL im-
ages a streak amera is used in either a (E; t) or a (kx; t)
onguration, whih allows for a omplete study of the
dynamis at dierent energies and momenta.
Firstly, we have investigated the stationary-state po-
lariton emission in the absene of the probe. Typial
energy-momentum emission patterns are shown in Fig.1
for two dierent values of the CW pump power Ip. Al-
though the pump wavevetor lies well outside the k-spae
region imaged in Fig.1, a small polariton oupation of
the LPB bottom still appears as a onsequene of inoher-
ent relaxation proesses even at low pump powers (lower
panel). As the polariton density is very low, the photolu-
minesene spetrum is onentrated on the linear-regime
LPB branh.
At higher pump intensities, polariton-polariton inter-
ations are able to signiantly modify the emission pat-
tern and, in partiular, are responsible for parametri
proesses, where two pump polaritons at kp are trans-
formed into a pair of signal and idler polaritons of
wavevetors ks,i, respetively. Thanks to the large size
of the pump spot, the wavevetor is approximately on-
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Figure 1: Diret experimental observation on the CCD am-
era of a two-dimensional setion (kx;E), with ky = 0, of
the lower polariton dispersion for pump powers Ip (a) just
above (13 mW) and (b) below (12 mW) the OPO threshold
Ithp = 12.5 mW. Energy spetra at kx = 0 (dashed line in the
gure) are depited on the right, with a magniation of a
fator 3 for the lower panel of the gure. The PL emission
is normalised to 1 and plotted in a linear olor sale. (olor
online)
served, ks ≃ 2 kp − ki and the unique dispersion of po-
laritons allows for this proess to take plae in a res-
onant way, 2εLPB(kp) ≃ εLPB(ks) + εLPB(ki). The
onset of parametri osillation is learly visible in the
emission pattern for pump intensities above the thresh-
old Ithp = 12.5 mW (upper panel of Fig.1): the ou-
pation of the signal at ks ≃ 0 beomes in this ase
very large and the linewidth of the emission in energy
is substantially redued as ompared to the bare LPB
linewidth shown in the lower panel. The spetral narrow-
ing in energy is aompanied by a signiant broadening
of the k-spae emission. The at shape of the oher-
ent OPO emission in the (kx;E) plane is however more
likely to be a onsequene of the peuliar shape of nite-
size non-equilibrium ondensates disussed in (author?)
[15℄ rather than an evidene of the diusive nature of the
Goldstone mode (author?) [16℄.
To learly identify the threshold, we have studied the
energy of the signal emission as a funtion of pump power
(full triangles in Fig.2). A smooth and almost linear blue-
shift of the signal energy is visible at low pump powers,
while a sudden jump appears for Ip just above 12 mW
due to the onset of parametri osillation. Suh a dison-
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Figure 2: Energy (full triangles) and deay time (open ir-
les) of the signal versus pump power. The red dashed line
indiates the pump threshold. Inset: time evolution of the
energy-integrated signal emission ∆Is for three pump powers
(1 mW, 7.5 mW, 12 mW). (olor online)
tinuous behaviour around the threshold was predited in
Ref (author?) [14℄(author?) [10℄: below the threshold,
the energy of the (inoherent) parametri luminesene is
indeed xed by the slightly blue-shifted LPB dispersion,
while above threshold it is determined by a more om-
plex OPO dynamis that also involves the idler energy.
Far above threshold, the blue-shift saturates.
The main objet of the present study is the response of
the system in its stationary state to an additional weak
(. 0.2mW) probe pulse that impinges on the sample
at a large angle of around 20◦, i.e. in the viinity of
the idler. The evolution of the system in response to
the probe pulse is monitored by investigating the time-
and momentum-resolved signal emission and, in parti-
ular, its deay time. As an example, we have traed
in the inset of Fig.2 the time-evolution of the dierene
∆Is = Is(pump+ probe) − Is(pump) between the signal
emission intensity in the presene and in the absene of
the probe, respetively, for three dierent pump inten-
sity values. To rule out non-linear eets and ensure we
are in a linear-response regime with respet to the probe
intensity, we have heked that the physis of interest
is independent of the probe pulse intensity: while some
hanges remain visible in the short-time dynamis, the
long-time dynamis simply shows a global resaling of
the observed intensity.
Right after the arrival of the probe pulse, parametri
sattering of pump polaritons into the ks state is stim-
ulated by the small population of the new idler polari-
tons injeted by the probe: in the plotted urves, this
orresponds to a fast swith-on of the ∆Is at the probe
arrival time. The fast deay on a 30 ps sale is then
followed by a muh slower exponential deay on a time
sale in the 100 ps range, i.e. orders of magnitude longer
than both the empty avity deay time (2 ps) and the
polariton-polariton sattering time (author?) [6℄, but
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Figure 3: kx dependene of the signal deay time for two
dierent pump powers, 11.5 mW (open irles) and 12.5 mW
(full irles). The high values of the deay time (> 500 ps) far
from kx = 0 are due to the integration over all the spot area
and over all the emitted energies: the intensity prole (not
shown) for both 11.5 mW and 12.5 mW is strongly peaked
in the parametri sattering region around the signal state at
kx ≃ 0, while a muh weaker and slower inoherent emission
oming from higher energy states (e.g. residual exitons) and
from the border of the spot is responsible for the tails at
|kx| > 0.5µm
−1
. (olor online)
still signiantly shorter than the probe repetition time
of approximately 12 ns).
As easily seen by omparing the three urves shown in
the inset, the response of the system strongly depends on
the intensity Ip of the w pump. While the deay time
of the transient dereases for inreasing pump powers
and eventually goes below the streak-amera resolution of
∽ 30 ps, the long deay-time signiantly inreases with
Ip. This latter dependene is summarized by the open
irles in the main panel of Fig.2. The deay time shows
a divergent behavior (author?) [17℄ for pump powers
approahing Ip = 12.5mW; for higher pump powers, it
exeeds the time window of our setup. The parametri
nature of the enhaned life time is onrmed by the oin-
idene of the divergene with the signal emission energy
jump and the frequeny narrowing of the luminesene
(see Fig. 1).
The role of the parametri proesses is further evi-
dened by the momentum-resolved data shown in Fig.3,
in whih the deay time of the dierent ks omponents
of the signal emission is plotted as a funtion of the
wavevetor kx. The onsidered wavevetor range is en-
tered around the value ks where signal emission would
appear if the pump intensity was above threshold. While
the deay time is a smooth funtion of kx for Ip well be-
low the parametri osillation threshold (open irles), a
marked peak is apparent in the viinity of ks (kx ≈ 0)
for pump intensities around and above the threshold (full
irles).
A onvenient way to interpret the observed slowing-
down of the response to the probe is to use the o-
4herent polariton model based on a pair of oupled
Gross-Pitaevskii-like nonlinear wave equations for respe-
tively the photon and exiton elds ψC,X(r, t) (author?)
[18, 19℄,
i
∂ψC
∂t
=
(
ωC(−i∇r)− i
γC
2
)
ψC +ΩR ψX + F (r, t)(1)
i
∂ψX
∂t
=
(
ωX ψX − i
γX
2
)
ψX +ΩR ψC + g |ψX |
2 ψX .(2)
We follow the dynamis of the system starting from the
ψX,C(r, t) = 0 vauum state. ωC(k) is the photon dis-
persion, while the exiton dispersion is assumed to be
at at ωX . γC,X are the deay rates of the avity-photon
and the exiton, respetively. The exiton-exiton inter-
ations are haraterized by the nonlinear oupling o-
eient g and ΩR is the exiton-photon Rabi oupling.
The driving F (r, t) is proportional to the inident ele-
tromagneti eld and has to inlude both the CW pump
and the pulse probe: one the system has attained its
stationary-state under the CW-pump only, an additional
short probe pulse is applied lose to resonane with the
idler. The following response of the system is monitored
on the most relevant observables, in partiular the polari-
ton distribution in k-spae. For the sake of simpliity, we
have limited ourselves to the ase of a plane-wave pump
with a well-dened wavevetor kp and periodi boundary
onditions, while the nite spatial size of the probe beam
is fully taken into aount.
As disussed in Ref. (author?) [10, 19℄, the approah
to the OPO threshold from below is signalled by the de-
ay rate of some mode tending to zero. As a funtion
of k, the deay time results then strongly peaked around
the point where the deay rate is the smallest: the loser
to threshold, the higher the peak value. These general
laims are perfetly visible in the numerial result plot-
ted in Fig.4. For pump intensities just below Ithp , the
evolution of the ntegrated signal emission ∆Is(t) after
the arrival of the probe pulse is haraterized by a short
transient followed by a muh slower exponential deay,
with a time onstant that dramatially inreases as the
threshold is approahed [panel (a)℄. By omparing the
overall deay time of the integrated ∆Is(t) [panel (b)℄
with the k-dependent deay time [panel ()℄, it is imme-
diate to see that the former is determined by the deay
time of the longest-lived mode, a quantity that inreases
in magnitude and beomes progressively more peaked as
the threshold is approahed.
This theoretial result is in good agreement with the
experimental observations for pump intensities in the
viinity of the threshold, but some spei attention has
to be paid at the experimental data for very low pump
power. In this regime, the theoretial alulations predit
that the deay time should go bak to the bare polari-
ton lifetime, while a quite long deay time is observed
in the experiment even well below the osillation thresh-
old and at wavevetors far from the signal emission. To
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Figure 4: Results of numerial alulations. Upper (a) panel:
time dependene of k-integrated signal emission ∆Is for dif-
ferent values of Ip; integration is performed over the k-spae
region surrounding ks. Central (b) panel: deay time of ∆Is
as a funtion of CW pump intensity. Lower () panel: k-
dependene of deay rate for dierent values of Ip/I
th
p = 0.57,
0.95, 0.99 below threshold. Inset (d): k-dependene of the
deay time for Ip/I
th
p = 1.15, above threshold; the vertial
dotted line indiates the oherent signal emission wavevetor
ks, at whih the deay time is innite by denition of spon-
taneous symmetry breaking. (olor online)
explain this behaviour, one an mention the spatial in-
homogeneity of the system that smoothens the k-spae
distribution, as well as the presene of residual exitons
that have aumulated into long-lived states and that re-
lax down on a long time sale. Clearly, these inoherent
sattering proesses are most important for low pump
powers, while oherent parametri proesses take it over
as the threshold is approahed.
As we already mentioned, the deay time above thresh-
old is too long to be quantitative measured with the
present setup. Numerial simulations do not suer from
suh a diulty, and we summarize here the main fea-
tures that one expets for this regime. As a onsequene
of the spontaneously broken U(1) symmetry, the spe-
trum of the elementary exitations is haraterized by
the presene of a soft Goldstone mode: as the wavevetor
q = k − ks of the exitation tends to zero, both its fre-
5queny and deay rate tend to zero (author?) [16℄. This
predition is onrmed by the numerial results for the
k-dependent deay rate that we show in Fig.4(d): one
again, the peaked struture of the deay rate as a fun-
tion of k − ks is apparent. It should be mentioned that,
even though the long deay time of the slowest deaying
mode eventually appears in the very long time behaviour
of the integrated ∆Is(t), this feature is often masked by
other, faster deaying branhes that ontribute in a muh
more substantial way to the observed ∆Is signal.
In onlusion, we have investigated the response of a
ontinuously pumped optial parametri osillator to an
additional weak pulse in the viinity of the idler. The
emission from the signal is resolved in time and its mo-
mentum distribution is analyzed as a funtion of the
pump intensity: when the pump intensity is lose or
above the parametri osillation threshold, a lifetime or-
ders of magnitude longer than the intrinsi polariton life-
time is observed for polariton modes in the viinity of the
signal emission. The experimental observations are ex-
plained in terms of a ritial slowing down of the elemen-
tary exitation dynamis as the threshold is approahed,
and then of the presene of a soft Goldstone mode above
the threshold.
This work was partially supported by the Span-
ish MEC (MAT2005-01388, NAN2004-09109-C04-04 &
QOIT-CSD2006-00019) and the CAM (S-0505/ESP-
0200). D.B. aknowledges a sholarship of the FPU pro-
gram of the Spanish MEC and D.S. thanks the Ramon
y Cajal Program. I.C. is indebted to C. Ciuti for on-
tinuous disussions and aknowledges support from the
italian MIUR, the frenh CNRS and IFRAF and the
EuroQUAM-FerMix program.
[1℄ D. Pines and P. Nozieres, The Theory of Quantum Liq-
uids, Vols. 1 and 2 (Addison-Wesley, Redwood City,
1966); L. Pitaevskii and S. Stringari, Bose Einstein Con-
densation (Oxford University Press, Oxford, 2003).
[2℄ Phase transitions and ritial phenomena, vol.17 (Statis-
tial mehanis of driven diusive systems), eds. C.Domb
and J.L.Lebowitz, Aademi, NY, 1989
[3℄ Semiond. Si. Tehnol. 18, Speial Issue on Miroavi-
ties, Guest Editors J. Baumberg and L. Viña, Publisher
S. Quin (Bristol, UK, 2003).
[4℄ J. Keeling, F. M. Marhetti, M. H. Szymanska, P. B.
Littlewood, Semiond. Si. Tehnol. 22 R1 (2007).
[5℄ R. M. Stevenson, et al., Phys. Rev. Lett. 85, 3680 (2000);
J. J. Baumberg, et al., Phys. Rev. B 62, R16247 (2000);
R. Houdré et al., Phys. Rev. Lett. 85, 2793 (2000); A.
Baas et al. Phys. Rev. Lett. 96, 176401 (2006).
[6℄ A. Huynh, et al., Phys. Rev. Lett. 90, 106401 (2003).
[7℄ N. A. Gippius et al., Europhys. Lett. 67, 997 (2004); D.
N. Krizhanovskii et al., Phys. Rev. B 77, 115336 (2008).
[8℄ D. D. Solnyshkov, I. A. Shelykh, N. A. Gippius, A. V.
Kavokin, G. Malpueh, Phys. Rev. B 77, 045314 (2008)
[9℄ J. Kasprzak et al., Nature 443, 409 (2006); H. Deng et
al., Phys. Rev. Lett. 99, 126403 (2007); R. Balili et al.,
Siene 316, 1007 (2007).
[10℄ M.Wouters, I.Carusotto, Phys. Rev. B 75, 075332 (2007).
[11℄ I.Carusotto and C.Ciuti, Phys.Rev.B 72, 125335 (2005).
[12℄ K. Huang, Statistial Mehanis (Wiley, NY, 1963).
[13℄ M. C. Cross and P. C. Hohenberg, Rev. Mod. Phys. 65,
851 (1993).
[14℄ D. M. Whittaker, Phys. Rev. B 71, 115301 (2005).
[15℄ M. Wouters, I. Carusotto, and C. Ciuti, Phys. Rev. B
77, 115340 (2008).
[16℄ M.Wouters, I.Carusotto, Phys.Rev. A 76, 043807 (2007).
[17℄ Suh long-time features were not aessible to frequeny-
domain luminesene experiments, see e.g. P.G. Savvidis,
et al., Phys. Rev. B 64, 075311 (2001).
[18℄ C. Ciuti, P. Shwendimann, and A. Quattropani, Semi-
ond. Si. Tehnol. 18, S279 S293 (2003).
[19℄ C. Ciuti and I. Carusotto, Phys. Stat. Sol. (b) 242, 2224
(2005).
